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Electrical Impedance Tomography (EIT) is an emerging technique which has been used to image evoked activity
during whisker displacement in the cortex of an anaesthetised rat with a spatiotemporal resolution of 200 μm and
2ms. The aim of this work was to extend EIT to image not only from the cortex but also from deeper structures
active in somatosensory processing, speciﬁcally the ventral posterolateral (VPL) nucleus of the thalamus. The
direct response in the cortex and VPL following 2 Hz forepaw stimulation were quantiﬁed using a 57-channel
epicortical electrode array and a 16-channel depth electrode. Impedance changes of 0.16 0.08% at
12.9 1.4 ms and 0.41 0.14% at 8.81.9ms were recorded from the cortex and VPL respectively. For imaging
purposes, two 57-channel epicortical electrode arrays were used with one placed on each hemisphere of the rat
brain. Despite using parameters optimised toward measuring thalamic activity and undertaking extensive aver-
aging, reconstructed activity was constrained to the cortical somatosensory forepaw region and no signiﬁcant
activity at a depth greater than 1.6 mm below the surface of the cortex could be reconstructed. An evaluation of
the depth sensitivity of EIT was investigated in simulations using estimates of the conductivity change and noise
levels derived from experiments. These indicate that EIT imaging with epicortical electrodes is limited to activity
occurring 2.5 mm below the surface of the cortex. This depth includes the hippocampus and so EIT has the po-
tential to image activity, such as epilepsy, originating from this structure. To image deeper activity, however,
alternative methods such as the additional implementation of depth electrodes will be required to gain the
necessary depth resolution.Introduction
A plethora of techniques have been developed to record and image
neuronal networks in the brain to gain a better understanding of the
underlying mechanisms and interactions that drive complex cognitive
and behavioral tasks. Among the most promising include optical imaging
techniques that can achieve single-cell resolution by implementing
genetically encoded ﬂuorescent indicators of membrane voltage or cal-
cium concentration (Hillman, 2007; Lin and Schnitzer, 2016). Even with
the most advanced optical microscopes, however, the ﬁeld of view is
restricted to 1mm3 and imaging is limited to depths of 1mm (Ahrens
et al., 2013; Helmchen and Denk, 2005; Theer and Denk, 2006). Densely
populated micro-electrode arrays can be used to record local ﬁeld po-
tentials (LFP) and multi-unit activity (MUA) from neurons (Berenyi et al.,
2014; Buzsaki, 2004; Raducanu et al., 2017). An analysis of the spectral
coherence between LFPs can elucidate the coupling between oscillatory
signals in different brain regions (Friston et al., 2015; Gregoriou et al.,ulkner).
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detect from neurons located around 100 μm away (Kajikawa and
Schroeder, 2011) and are inherently invasive. To non-invasively image
connections between distinct brain areas, fMRI is currently the method of
choice. Rather than direct activity, however, fMRI measures the
epiphenomenal blood ﬂow (Ogawa et al., 1990). EEG inverse source
localisation can image direct neural activity over large regions of the
brain. However, it has a low spatial resolution (Burle et al., 2015; Nunez
et al., 1994) and is blind to dipole sources oriented tangentially to
recording electrodes (Ahlfors et al., 2010; Hunold et al., 2016). Currently
no satisfactory method exists to record direct neural activity occurring
over large regions of the brain.
Electrical impedance tomography (EIT) is an imaging technique
which has the potential to image neural activity occurring on the
millisecond timescale throughout the brain. In EIT, multiple transfer
impedance measurements are conducted using non-penetrating surface
electrodes in order to reconstruct images of conductivity changesay 2018
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
M. Faulkner et al. NeuroImage 178 (2018) 1–10within a subject. A single transfer impedance measurement involves
injecting current between a pair of electrodes and recording the
resulting voltage on the remaining electrodes. Multiple transfer
impedance measurements are obtained through the use of a switch
network which allows current to be sequentially injected through
different electrode pairs. Fast neural EIT can detect impedance changes
associated with ion channel opening during neuronal depolarisation
(Klivington and Galambos, 1967; Oh et al., 2011; Velluti et al., 1968).
Impedance changes arise as injected current, normally conﬁned to the
extracellular space due to the high membrane capacitance of neurons,
can pass through open ion channels in the membrane and additionally
travel in the intracellular space. EIT has been used to produce images of
cortical neural activity in an anaeasthetised rat during evoked activity
(Aristovich et al., 2016) and during chemically induced epileptic
interictal spikes (Vongerichten et al., 2016).
The sensitivity of EIT to conductivity changes is known to decrease
with distance from the electrodes as the current density magnitude
dissipates (Alessandrini and Scapin, 2017). The depth sensitivity can
be augmented, however, through careful choice of the electrode po-
sitions, the electrode pairs through which current is injected
(commonly termed the protocol), the frequency of injected current and
the current amplitude. Thus far EIT imaging in the rat brain has been
conducted using a 30-channel electrode array and this has limited the
depth resolution to the cortex. Developments in the electrode fabri-
cation method means that much larger arrays can now be utilised and
can be placed on both hemispheres of the brain. In a simulation study
using two 57-channel electrode arrays, one on each hemisphere,
Aristovich et al. (2016) have shown the potential for EIT to image
activity occurring throughout the depth of the rat brain with a local-
isation accuracy of at least 1 mm.
Somatosensory evoked activity can be generated in response to
stimulation of median or tibial nerves and is a useful paradigm for testing
the accuracy of EIT. Prior to converging in the cortex, afferents from the
medial lemniscal and spinothalamic pathways terminate in the ventral
posterolateral nucleus (VPL) in the thalamus (Paxinos, 2014). The VPL
receives input from all over the body, however; the region processing
forepaw activity is the largest with a volume of between 1.1mm3 to
1.4 mm3 dedicated to this representation (Angel and Clarke, 1975; Parker
et al., 1998). Somatosensory activity can be repetitively elicited on de-
mand and their reproducibility is such that they are often used as diag-
nostic tools in spinal cord injuries and cerebral lesions (Shibasaki et al.,
1977; Wang et al., 2017). This is a desirable characteristic as one can take
advantage of averaging to increase the signal strength.
The neural connections underlying the somatosensory pathway have
been inferred from electrophysiological recordings (Chapin and Lin,
1984; Francis et al., 2008) and histological tract tracing (Bourassa et al.,
1995; Erro et al., 2002). Aside fromMRI imaging studies that have shown
increased blood ﬂow in the pertinent structures (Boussida et al., 2017;
Sanganahalli et al., 2013), in-vivo imaging of the trajectory of direct
neural activity from the thalamus to the cortex along the somatosensory
pathway has not been conducted. If the depth resolution of fast neural
EIT can be extended beyond the cortex, it could be used to image the
propagation of activity along this pathway.
The purpose of this work was to determine if with two 57-channel
electrode arrays placed over both hemispheres on the cortex of an
anaesthetised rat, EIT could be used to image ascending neural activity
from the VPL nucleus in the thalamus to the cortex during somatosensory
forepaw evoked responses. To address this, the impedance change in the
thalamus was ﬁrst characterised directly in terms of magnitude and la-
tency by placing a depth electrode into the VPL nucleus. Subsequently,
EIT imaging was conducted in a separate set of experiments that utilised
two non-penetrating 57-channel electrode arrays placed on the surface of
the cortex. A set of simulations were then performed in order to assess the
SNR achieved during imaging experiments and to predict the depth
resolution of EIT with epicortical electrodes.2Material and methods
Animal preparation
Six female Sprague-Dawley rats weighing between 300 and 400 g
were used in experiments. Anaesthesia was induced in a perspex box
using a mixture of isoﬂurane, O2 and air. Once anaesthetised a tracheal
intubation was performed and anaesthesia maintained with isoﬂurane
(2–2.5%) and a 30/70% mixture of O2 and air. Depth of anaesthesia was
monitored by assessment of the pedal withdrawal and corneal reﬂexes.
Cannulation of the right femoral vessels was then undertaken. The rat
was ﬁxed within ear bars in a stereotaxic frame (Narishige International
Ltd, UK) and mechanical ventilation using the SAV03 ventilator
(Vetronic Services Ltd, UK) commenced. The rats head was shaved, the
scalp incised and the temporal muscle cauterized using a bipolar
cauterization system (Malis CMC 2, Codman, USA). A craniotomy was
performed using a veterinary bone drill (Ideal Micro Drill, US) and the
dura removed. The craniotmoy extended from just rostral of lambda
down to 4mm rostral of bregma and laterally along the zygomatic arch.
Throughout the craniotomy and upon removal of the skull and dura, the
brain was frequently irrigated with warm (38 ∘C) 0.9% NaCl solution.
To directly characterise the evoked response and impedance changes
occurring in the cortex and thalamus the left hemisphere was exposed
through a craniotomy and a 57-channel electrode array placed on the
exposed cortex. Through a hole in this array, a 16-channel depth elec-
trode was placed in the VPL (ML¼ 3–3.5mm, AP¼ 2.5–3mm,
DV¼ 5–6mm). For rats where EIT imaging was conducted, two crani-
otomies were performed and a 57-channel electrode array was placed on
the exposed cortex of each hemisphere.
A 1.5 cm diameter Ag/AgCl reference electrode was placed under the
skin at the back of the neck and two silver needle electrodes were placed
in the right forepaw for stimulation. Upon completion of surgery, a bolus
of 60mgkg1 of 1% w/v α-chloralose in saline was administered intra-
venously and then maintained at 20mgkg1. Throughout the experiment
ECG, end tidal C02, respiratory rate, SPO2, mean arterial blood pressure
and exhaled gas concentration and were all monitored using the Light-
ning Vetronics monitor (Vetronic Services Ltd, UK) and kept within the
recommended physiological range. The core body temperature of the rat
was controlled using a homeothermic heating unit comprising a heating
blanket and a rectal probe that provided temperature feedback to the
system (Harvard Apparatus, UK). All animal handling and experimental
investigations undertaken in this study were ethically approved by the
UK Home Ofﬁce and performed in accordance with its regulations, as
outlined in the Animals (Scientiﬁc Procedures) Act 1986.
Hardware and electrodes
Data were collected using the ScouseTom EIT system (Avery et al.,
2017) with the actiCHamp EEG ampliﬁer (BrainVision, Germany) sam-
pling at 25 kHz. Evoked responses were induced by electrical stimulation
of the contralateral forepaw using a Neurolog NL800A (Digimeter, UK)
isolated current stimulator. The forepaw was stimulated at a frequency of
2 Hz and 20Hz using pulses that were 500 μs in duration with a peak
amplitude of 10mA.
To directly characterise the cortical and thalamic responses, a cortical
electrode array along with a single shank depth electrode were employed
(Fig. 1A). The cortical electrode array was fabricated using a 12.5 μm
sheet of stainless steel sandwiched between two layers of silicone. A laser
was used to expose 57 0.6mm diameter contacts that had a centre-to-
centre spacing of 1.2mm. The exposed electrode contacts were coated
with platinum black prior to placement on the brain in order to reduce
contact impedance. The depth electrode (Neuronexus, US) implemented
comprised of 16 30 μm diameter contacts spanning a length of
1500 μm. Data collected on the depth contacts were passed through a
unity gain headstage ampliﬁer (Plexon, TX, USA).
For EIT imaging, two 57-channel cortical electrode arrays were
Fig. 1. Experimental setup and data processing. (A) The
impedance response in the cortex and thalamus was charac-
terised during forepaw stimulation using a 57-channel elec-
trode array placed on the cortex and a depth electrode placed
in the VPL nucleus in the thalamus. Given the location of the
maximum evoked potential in the cortex (shown in yellow)
an example of a cortical injection pair is displayed in orange.
The blue electrodes exhibit an example of an injection pair
used to characterise the thalamic response given the location
of the depth probe. (B) EIT imaging was conducted in an
attempt to image ascending neural activity from the thalamus
to the cortex using epicortical electrodes. For these experi-
ments two 57-channel electrode arrays were used, one on
each hemisphere of the brain. No depth electrode was
implemented. (C) The protocol that maximises current den-
sity in the VPL was used for imaging experiments. Given the
114 electrodes implemented, the theoretical protocol consists
of 113 independent injection pairs. The ﬁrst two injection
pairs concentrate the most current density into the VPL. (D)
The average current density across injection pairs concen-
trated in a sagittal slice when using the protocol that maxi-
mises current density in the VPL. The location of the VPL is
highlighted in white (E) Data collection and processing work
ﬂow. A sine wave (Sine) of amplitude 50 μA and 1475 Hz was
injected between a pair of electrodes and the resulting
voltage (V) recorded on the remaining electrodes. The fore-
paw was stimulated (Stim) to elicit evoked activity. The
evoked activity (EP) was extracted from the recorded data by
applying a 500 Hz low pass ﬁlter. The impedance change (dZ)
was found by applying a 500 Hz bandwidth ﬁlter around
the carrier frequency and demodulating the ﬁltered signal.
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this set of imaging experiments, no depth electrode was placed in the
thalamus.
Data collection and protocols
Single channel impedance measurements were conducted to directly
characterise the cortical and thalamic response during forepaw stimu-
lation in terms of latency and magnitude. Characterisation of the
impedance signal in the cortex was undertaken using current of ampli-
tude 50 μA and frequency 1475Hz. Injecting electrode pairs were chosen
in the vicinity of the electrode that exhibited the largest evoked potential
in order to maximise the sensitivity to cortical activity (Fig. 1A).
Thalamic impedance changes were recorded by injecting current through
electrodes on the cortical array and measuring the resulting voltages on
the depth electrode. For these measurements, the amplitude of injected
current was increased to 200 μA and injection pairs were chosen such
that current was injected between an electrode located closest to the
depth probe and one located furthest away (Fig. 1A). The injection time
between a pair of electrodes was 30 s and data were collected for four
different injection pairs in N¼ 3 rats. The forepaw was stimulated at
2 Hz, a frequency where evoked potentials are present in both the cortex
and thalamus. The response was additionally characterised at 20 Hz
stimulation frequency in view of maximising the number of averages that
could be attained in a given time period. At this stimulation frequency,
evoked potentials were no longer expected to be present in the cortex but3only observed in the thalamus (Brinker et al., 1999; Fokin and Veskov,
1972; Guilbaud et al., 1980; Huttunen et al., 2008).
For EIT imaging experiments current of 50 μA at 1475Hz was injec-
ted. This frequency was chosen as it has been shown to yield the largest
impedance response in both the thalamus and cortex (Faulkner et al.,
2018). A protocol that maximised the current density in the right
hemispherical VPL was used (Fig. 1C and D). This was found by simu-
lating the current density in brain for every possible injection pair and
ﬁnding the independent set of electrode pairs that maximised the current
density in the VPL (Faulkner et al., 2017). To ensure a reasonable
recording time for a single imaging dataset, a subset of electrode pairs
that concentrated the most current density into the VPL were chosen
from the full theoretical protocol which comprised 113 pairs (supple-
mentary ﬁgures). The injection time between electrode pairs and the
number of injection pairs addressed varied from 60 s to 300 s and 60 to
25 respectively. Full EIT imaging datasets were obtained when stimu-
lating the forepaw at both 2 Hz and 20 Hz. Recordings were obtained in
N¼ 3 rats (Table 1).
Data processing
The recorded voltage measurements contained both the impedance
and evoked potential signals. Impedance signals were extracted by
applying a 500 Hz bandpass ﬁlter (5th order butterworth) around the
carrier frequency and demodulating the signal using the Hilbert trans-
form. The demodulated data was segmented into 500ms epochs (50ms
Table 1
Summary of the injection time and the number of electrode pairs used in each rat
for EIT imaging experiments when stimulating the forepaw at 2 Hz and 20 Hz.
Rat Stimulation Frequency (Hz) Injection Time (s) No. of injection pairs
1 2 60 60
20 30 60
2 2 150 30
20 60 30
3 2 300 25
20 150 25
Table 2
Summary of parameters used for simulations to assess the SNR achieved in im-
aging experiments and the depth sensitivity of EIT when using epicortical
electrodes.
SNR analysis Depth analysis
Mesh 3 million element 3 million element
tetrahedral tetrahedral
Layers Grey matter Grey matter
White matter White matter
CSF CSF
Electrodes 2 57 channel array
(Fig. 1B)
2 57 channel array
Protocol Max current density in VPL Max current density in VPL
No. of protocol lines 113 113
Noise 0 μV additive 0.5 μV additive
0% multiplicative 0.0035% multiplicative
Conductivity change 0.4% 0.4%
Volume of change 1.4 mm3 1.4mm3
No. of locations 1 160
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250ms post-stimulus. The mean of the baseline (200ms–50ms
(20ms–5ms) pre-stimulus) was subtracted from each epoch to express
the signal as an impedance change. The epochs were then averaged
together yielding a mean impedance change. Injecting, disconnected and
noisy channels were removed from further analysis. The latter were
deﬁned as channels where the standard deviation of the baseline
exceeded 5 μV. Evoked potentials were extracted by applying a 500Hz
low pass ﬁlter to the original data. In an analogous way to the impedance
change, the low pass ﬁltered data was segmented into epochs and aver-
aged together (Fig. 1E).
To characterise the cortical and thalamic impedance changes, the
electrode exhibiting the largest impedance change for each injection pair
was considered. The latency at which activity occurs has been evaluated
as the time between the stimulation and the ﬁrst positive peak, in the case
of evoked potentials, and the ﬁrst negative peak for impedance changes.
For the imaging data, impedance changes on all channels for all in-
jection pairs were concatenated together. Time points with signiﬁcant
activity were identiﬁed by comparing the signal at each time point across
all channels to the signal during the baseline. At each time point a one-
sided t-test was performed with the signiﬁcance level set to α¼ 0.01.
All data are presented as mean S.D.
Image reconstruction
Image reconstruction involved computation of a forward solution and
a Jacobian matrix. These were calculated for a given protocol on a 3
million element tetrahedral mesh using the PEITs solver (Jehl et al.,
2015) containing grey and white matter and cerebrospinal ﬂuid (CSF)
with conductivity values set to 0.3, 0.15 and 1.79 Sm-1 respectively
(Romsauerova et al., 2006). Electrode positions were altered tomatch the
placement in experiments. Their position relative to the bregma sagittal
sinus suture line was recorded and the arrays shifted on the mesh
accordingly.
Images were reconstructed every 2ms on a 150 μm hexahedral mesh.
Zeroth order Tikhonov regularisation with noise based correction was
used to reconstruct images (Aristovich et al., 2014), with the regular-
isation parameter chosen at each time point through generalized cross
validation. The reconstructed values in each element of the hexahedral
mesh represent a t-score (σ) which was calculated by dividing the
reconstructed conductivity change in each element by the reconstructed
conductivity change in each element due to baseline noise.
For representative images all reconstructions have been thresholded
at 25% the maximum reconstructed value occurring at any time point.
The centre of mass of activity was calculated after using a threshold of
50%.
Determining the SNR achieved in experiments
The SNR that was achieved during the EIT imaging experiments was
estimated in a set of simulations. The aforementioned 3 million element
mesh comprising grey matter, white matter and CSF layers with two 57-
channel electrode arrays was used to simulate the expected voltage
change on the cortical electrodes owing to a conductivity change in the
VPL. The simulated perturbation in the VPL was a sphere of volume41.4mm3 with a conductivity change of 0.4% and 0.1%. These parameters
were informed by the volume of the forepaw representation in the VPL
reported by Angel and Clarke (1975) and the thalamic impedance change
measured directly on the depth electrode during the characterisation
experiments when stimulating the forepaw at 2 Hz and 20 Hz respec-
tively. Voltage changes were predicted for the protocol that maximised
current density in the VPL (Table 2).
After removal of all measurements involving injecting electrodes, the
voltage changes were sorted in order of magnitude. The top 1% largest
electrode voltage changes were then averaged together. This was taken to
be indicative to the size of the impedance change that would be observed
in the raw signal on the cortical electrodes. An estimate of the SNR was
calculated by dividing this signal with the noise in the experimental
imaging data sets. The noise on each channel was taken as the standard
deviation of the baseline and an average value obtained by taking the
mean across all channels in the data set.Evaluating realistic depth resolution of EIT in simulations
A second set of simulations were performed to investigate the ex-
pected depth accuracy of EIT with cortical electrodes by placing con-
ductivity changes at differing depths within the rat brain mesh. A sphere
of volume 1.4mm 3 with a conductivity change of 0.4% was simulated.
The perturbation was placed at the centre of the VPL in the ML and AP
axis, (ML¼ 3.3 and AP¼ 3) (Paxinos, 2014) and placed at DV positions
that spanned from the surface to the bottom of the mesh in 0.5mm in-
tervals. It was additionally placed in eight other surrounding columns.
These were located 1mm away from the original column in either/both
of the ML and AP directions and perturbations also placed at 0.5mm
depth intervals within each column. In total 160 different positions were
considered. Realistic additive and multiplicative noise of 0.5 μV and
0.0035% were added to the simulated voltage changes. These values
were estimated from experimental data collected after conducting 60
averages; this number of averages was equivalent to injecting between a
single electrode pair for 30 s when stimulating at 2 Hz (Table 2).
Zeroth order Tikhonov regularisation with noise based correction was
used to reconstruct images with the regularisation parameter chosen
through generalized cross validation. All reconstructed images were
thresholded at 50% the maximum reconstructed change and the local-
isation accuracy, localisation error and volume error computed. The
localisation error was deﬁned as the distance between the centre of mass
of the simulated and reconstructed perturbations. This value was
expressed as a percentage by dividing by the average mesh dimension,
yielding the localisation error. The volume error was deﬁned as the dif-
ference in volume between the simulated and reconstructed perturbation
expressed as a percentage of the mesh volume. A successful reconstruc-
tion was deﬁned as one where the addition of the localisation and volume
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tative inspection of the reconstructed images.
Results
Thalamic and cortical impedance changes
When stimulating the forepaw at 2 Hz, the evoked potentials recorded
directly from the VPL nucleus were 266 71 μV at 7.3 2ms (n¼ 16 in
N¼ 3). The corresponding impedance change was 0.41 0.14% at
8.8 1.9ms (Fig. 2B). The peak cortical evoked potential was
1.8 0.8mV (n¼ 16 in N¼ 3) and occurred 12.1 1.6ms after stimu-
lation. The associated impedance change was 0.16 0.08% in ampli-
tude at 12.9 1.4ms (Fig. 2E). No signiﬁcant difference in the latency
between the evoked potential and impedance change was observed in the
VPL nor the cortex (p< 0.01).
When the forepaw was stimulated at 20 Hz, the mean amplitude of
the evoked potential measured in the VPL decreased to 168 51 μV
(n¼ 12 in N¼ 3) and occurred at 6.1 1.5ms. The corresponding
impedance change was 0.1 0.04% at 6.4 0.8ms (Fig. 2C). At this5stimulation frequency, no evoked potential nor impedance change was
recorded from the cortex. A signiﬁcant difference between the evoked
potential and impedance change latency was not observed (p< 0.01).
EIT imaging data and reconstruction
2 Hz stimulation
After rejection of injecting, disconnected and noisy channels, the
number of impedance measurements used for image reconstruction in
each rat was 4582 (76% of total), 2845 (83%) and 2173 (74%) respec-
tively. A signiﬁcant change in the impedance signal was observed be-
tween 10.4–21ms, 11.2–21.8ms and 10.6–20.6ms in the three rats
respectively. The largest impedance signal observed on any channel in
the three rats was 0.15 0.07% at 15ms, 0.14 0.03% at 15.2ms
and 0.05 0.03% at 15.8ms respectively (Fig. 3A).
Images were reconstructed every 2ms over a time period spanning
0ms–30ms after stimulation. In the three rats the maximum recon-
structed activity occurred between 13ms–17ms after stimulation and the
centre-of-mass of this activity lay in the S1 forepaw somatosensory
cortical area (Fig. 3C). The earliest time point at which a signiﬁcantFig. 2. Thalamic and cortical evoked potentials and
impedance changes. (A) Diagram of depth probe used for
measurements. (B) Evoked response (ﬁrst column) and
associated impedance change (second column) recorded
along the contacts of the probe placed in VPL at 2 Hz fore-
paw stimulation. Time of stimulation is indicated by dashed
line. On the 9th contact down the peak evoked potential was
191.7 μV at 6.0ms and the impedance change 0.56% at
6.4 ms (C) Evoked response (ﬁrst column) and associated
impedance change (second column) when stimulating at
20 Hz. On the 9th contact down the peak evoked potential
was 154.6 μV at 4.6ms and the impedance change 0.11% at
6.2 ms (D) Diagram of cortical array used for measurements.
The electrodes used to inject current are shown in red.
Measurements from contacts highlighted in grey are dis-
played in ﬁgure E. (E) Evoked response and associated
impedance change recorded from the cortex at 2 Hz forepaw
stimulation. Time of stimulation is indicated by dashed line.
The largest peak evoked response was 2.5 mV at 12.6 ms with
an impedance change of 0.22% at 13.2 ms.
Fig. 3. EIT imaging data and reconstruction for 2 Hz
and 20Hz forepaw stimulation. (A) Example of a com-
plete EIT imaging data set when stimulating the forepaw at
2 Hz. Imaging was undertaken using current of amplitude
50 μA and frequency 1475 Hz. The red bar shows the time
at which thalamic activity is expected to occur, 9 ms after
stimulation. The blue bar, placed at 13ms, indicated the
expected time of cortical activity. Examples of re-
constructions at 9ms (B) and 13ms (C) are shown. The
location of the VPL and S1 forepaw somatosensory region
are outlined in white. At 9 ms no signiﬁcant activity is
observed anywhere in the brain. At 13ms signiﬁcant ac-
tivity is observed in the forepaw somatosensory cortex. (E)
Example of an EIT imaging data set when stimulating the
forepaw at 20 Hz. The red bar shows the time at which
thalamic activity is expected to occur, 9 ms after stimula-
tion. The green bar has been placed at 18ms and repre-
sents a time point where no physiological activity is
expected to occur. Examples of reconstructions at 6 ms (E)
and 18ms (F) are shown. Reconstructions at both time
points are similarly spread throughout the brain and can
not be localised to any structure.
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which was after the expected timescale of thalamic activity. No signiﬁ-
cant activity was reconstructed at a depth below 1.6mm at any time
point in any of the rats.
20 Hz stimulation
The number of impedance measurements used for image recon-
struction in each rat when stimulating at 20 Hz was 5745 (84%), 2352
(61%) and 2369 (69%) respectively. In the three rats the earliest time
point after stimulation where signiﬁcant activity was detected in the
impedance signal was 0.8ms, 0.6 ms and 2.6ms respectively. Based on
qualitative inspection, however, no time points where a clear signal
distinct from the noise could be observed (Fig. 3D). For completeness,
images of this signal were reconstructed; however, the reconstruction
could not be localised to any region of the brain and was dominated by
small artefactual conductivity changes reconstructed at random locations
within the mesh (Fig. 3E and F).6Theoretical SNR based on simulations
When simulating a 0.4% change in the VPL, the mean of the largest
1% of voltage changes on the cortical electrodes was 0.035 0.004 μV.
In the three rats the mean noise was 0.81 0.3 μV, 0.67 0.3 μV and
0.41 0.1 μV respectively which yielded SNR's of 0.04, 0.05 and 0.12.
For the 0.1% conductivity change, simulating the 20 Hz stimulation
case, the largest expected signal on the cortical electrodes was
0.009 0.001 μV. When considering the mean noise of 0.20 0.08 μV,
0.33 0.14 μV and 0.19 0.07 μV recorded in the three rats, the SNR
achieved was 0.045, 0.028 and 0.047 respectively.
Depth resolution of EIT
When considering the average error values across the eight columns
considered, perturbations with centres placed more than 2.1mm below
the surface of the cortex had a total error value in excess of 10% (Fig. 4A).
Fig. 4. Simulated depth resolution of EIT. (A) Average
volume error, localisation error and total error
(mean S.D.) for perturbations placed in eight columns at
different depths from the surface of the cortex. For per-
turbations placed at depths greater than 2.1mm the total
error exceeded 10%. (B) Reconstructed images for per-
turbations with a conductivity change of 0.4% placed at
increasing depths from the surface of the cortex in one
column. The location and volume of the simulated
perturbation are shown in the left mesh in each ﬁgure.
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perturbation was spherical and matched the simulated perturbation
closely in location (Fig. 4B). The localisation accuracy decreased from
0.10 0.05mm at depth of 0.6 mm to 0.52 0.2mm at 2.1mm below
the surface. The reconstruction at a depth 2.6mm was no longer spher-
ical, however, was still relatively localised. For perturbations placed
beyond 3.1mm, the reconstruction spanned a large volume of the brain.
By 4.1 mm the reconstruction was present in most of the brain. The
localisation accuracy at the depths ranging from 3.1mm to 4.1mm were
2.0 0.1mm, 2.4 0.1mm and 1.9 0.1mm respectively. It was not
possible to reconstruct any perturbations whose centre lay below 5.1mm
from the surface of the cortex (Fig. 4B).
Discussion
Summary of results
In this work, impedance changes during evoked forepaw activity
occurring in the cortex and VPL thalamic nucleus were characterised. EIT
imaging was then conducted using epicortical electrodes in an attempt to
track the propagation of somatosensory activity from the thalamus to the
cortex. Despite using optimised parameters aimed at detecting thalamic
impedance changes, reconstructed activity was conﬁned to the7somatosensory forepaw cortical area. Post experimental simulation
analysis indicated that the lack of sensitivity to thalamic activity could be
attributed to an insufﬁcient SNR and depth accuracy.
Do recorded signals from cortex and thalamus match the literature?
Cortical evoked potentials recorded in this study had an average la-
tency of 12.1 1.6ms which is consistent with Huttunen et al. (2008),
Koyanagi and Tator (1996) and Schwindt et al. (2004) who report
cortical evoked potentials occurring between 12 and 17ms after forepaw
stimulation under α-chloralose anaesthesia. There is greater variation in
the magnitude of the evoked potential presented in literature which can
be attributed to differing recording techniques. Huttunen et al. (2008)
measured evoked potentials using a tungsten micro-electrode placed in
layer IV of the cortex, perhaps the closest technique to themethod used in
this study. They observed a mean peak amplitude of 1.3mV, which is of
similar magnitude to the 1.8 0.8mV recorded in this work.
Previous measurements of cortical impedance changes during evoked
activity in the cortex include those undertaken by Aristovich et al. (2016)
and Oh et al. (2011); they reported maximum amplitudes of 0.007% and
0.1% respectively. In the current work the cortical impedance change
had a larger mean amplitude of 0.16 0.08%. The increased signal
observed could be attributed to the excitable properties of α-chloralose
M. Faulkner et al. NeuroImage 178 (2018) 1–10compared to the previously used anaesthesia, halothane (Winters and
Spooner, 1966).
Single unit recordings from VPL neurons during forepaw stimulation
by (Aguilar et al., 2008) and Angel and Clarke (1975) report response
latencies between 5 and 8ms, which is in agreement with the peak la-
tencies of 7.3 2ms and 6.1 1.5ms detected in the VPL when stimu-
lating at 2 Hz and 20 Hz respectively. LFP recordings of forepaw activity
stimulated at 0.5 Hz in the VPL by Alonso-Calvino et al. (2016) had an
amplitude around 250 μV, a similar amplitude to the 266 71 μV
observed here. At 20 Hz stimulation frequency the amplitude of the
evoked potential recorded decreased to 168 51 μV. This decrease in
amplitude of evoked potential with higher stimulation frequency follows
the trend seen by Fokin and Veskov (1972) in their measurements from
the VPL. At 2 Hz, they recorded peak evoked amplitudes of around
375 μV, this reduced to 280 μV by 16Hz and further to 220 μV when
stimulating at 32 Hz.
While direct quantiﬁcation of impedance changes occurring in
thalamic nuclei has not previously been undertaken, the detected mag-
nitudes of 0.41 0.14% and 0.1 0.04% at 2 Hz and 20 Hz respec-
tively match closely with those observed in the cortex. The slightly
higher impedance change detected at 2 Hz can be attributed to recording
approach. The thalamic impedance change has been measured directly
from the centre of the VPL whereas the cortical impedance change has
been measured from the surface of the cortex.
Can we image thalamic activity with EIT using cortical electrodes?
In all imaging data sets collected, no signal indicative of a thalamic
impedance change was present. When the forepaw stimulation frequency
was 2 Hz, the earliest signiﬁcant time point in any of the three rats
occurred 10.4ms after stimulation. This was later than the expected time
course of a thalamic impedance change. The peak impedance changes
occurred between 14ms and 16ms which is consistent with the latency
of the cortical impedance changes measured previously. Reconstructed
images localised activity to the S1 forepaw somatosensory region in the
cortex in all rats. At 20 Hz stimulation, signiﬁcant activity was observed
as early as 0.6ms after stimulation. This preceded the expected thalamic
impedance change and was likely due to noise. From qualitative in-
spection no activity distinct from the noise could be observed and this
was further conﬁrmed in reconstructed images that did not show any
areas of collective activity. Due to time considerations not all injection
pairs of the protocol were addressed and this may have inﬂuenced the
quality of reconstructed images. This was, however, unlikely to have
affected the ability to detect thalamic impedance changes as the injection
pairs most sensitive to deep activity were prioritised.
Through computation of the theoretical SNR achieved, it became
apparent that even the highest number of averages used, 600 (2 Hz for
5min per injection pair) and 3000 (20 Hz for 2.5 min per injection pair),
were insufﬁcient to detect thalamic activity. The respective maximum
SNR's achieved at 2 Hz and 20Hz were 0.12 and 0.047 and thus this
explains why no thalamic signal could be seen above the noise. In order
to achieve an SNR of three, which has been described by Gilad and
Holder (2009) as necessary to conduct EIT imaging, a total of c. 74000
averages would need to be recorded which will likely be practically
impossible. This work indicates therefore that imaging thalamic evoked
activity from the VPL with EIT when using cortical electrodes is not
feasible.
How deep does modelling suggest we can image activity?
In all ﬁve columns considered when the centre of the perturbation
was placed at a depth below 2.6mm from the surface of the cortex, the
total error exceeded 10%. Beyond depths of 3.1mm on qualitative in-
spection the reconstructed volumes were no longer spherical and instead
spread throughout the large portions of the mesh. It was not possible to
reconstruct images of perturbations placed more than 5.1 mm below the8surface of the cortex. Compared to previous simulation studies whose
results suggest that EIT can image throughout the rat brain, the lack of
depth sensitivity illustrated in these results is somewhat surprising.
When considering the localisation accuracy alone, the results ob-
tained here are not dissimilar from those presented previously by Aris-
tovich et al. (2016). They simulated a conductivity change of 1% and
considered only additive noise of 0.5 μV and were able to attain a
localisation accuracy of less than 1mm throughout the brain. It is clear
though that consideration of localisation accuracy alone is not a sufﬁcient
measure to deem whether a reconstruction is successful or not. While the
perturbation located 4.1 mm beneath the surface of the cortex yields a
localisation value of 1.9mm, the reconstruction spans more than half the
volume of the brain and it is hard to see how useful physiological in-
formation can be obtained from such a reconstruction. By considering the
volume as well as the localisation error, we believe a more realistic
approach to assessing the depth accuracy of EIT with cortical electrodes
has been taken.
Potential applications for epicortical EIT in the rat and in humans
While the depth sensitivity was not sufﬁcient to reach the thalamic
structures under consideration in this study, the depth sensitivity of
2.5 mm encompasses roughly the outer third of the rat brain and extends
throughout the cortex and into the superﬁcial structures within the
hippocampus (Paxinos and Watson, 2013). Epilepsy arises from the
hypersynchronous depolarisation of a population of neurons (Bromﬁeld
et al., 2006; Margineanu, 2010) and impedance changes during chemi-
cally induced epileptic activity as large as 0.3% have been detected with
surface electrodes in the cortex (Vongerichten et al., 2016). This
magnitude is larger than the 0.13% measured during evoked activity
using analogous electrodes. The suggestion is that compared to evoked
activity larger local impedance change may be occurring during epilepsy.
The hippocampus is highly implicated in epilepsy with the foci often
located within this structure (Schwartzkroin, 1994). Given the larger
impedance changes anticipated, these simulations suggest that imaging
hippocampal epileptic activity may be feasible with cortical electrodes in
a rat model.
If these results are translated to a human setting and a similar
arrangement of epicortical arrays are implemented, EIT could be ex-
pected to image activity in the outer third of the human brain. While such
an expansive implantation of electrodes does not commonly occur in
humans, subdural grids that can span an area as large as 64 cm2 are
placed on the cortex in epilepsy patients who are considered for resective
surgery in order to aid the localisation of the epileptic onset (Behrens
et al., 1994; Voorhies and Cohen-Gadol, 2013). The spatial sampling of
these grids is typically limited to a 1 cm radius around the electrode
(Lachaux et al., 2003). By conducting EIT through these subdural grids,
the enhanced depth resolution offered could aid the localisation of foci.
Further, unlike EEG detection which is dependent on the orientation of
the source, EIT is sensitive to sources oriented in all directions (Wit-
kowska-Wrobel et al., 2018).
Conclusion
The potential to use EIT to image ascending neural activity during
forepaw somatosensory evoked activity using electrodes placed on the
surface of the cortex of an aneasthetised rat has been investigated. EIT
imaging was conducted using parameters aimed at detecting activity in
the VPL nucleus of the thalamus. Reconstructed images, however, only
displayed activity in the S1 forepaw somatosensory cortex. Simulations
using realistic noise and conductivity values derived from experiments
indicate that EIT imaging with epicortical electrodes is limited to activity
occurring within 2.6 mm of the cortical surface. This work has shown
that imaging deep activity such as that arising from the thalamus is not
possible using non-penetrating surface electrodes and alternative
methods such as the additional implementation of depth electrodes will
M. Faulkner et al. NeuroImage 178 (2018) 1–10be required to gain the necessary depth resolution. EIT with epicortical
electrodes may, however, be used to image epileptic activity arising in
the hippocampus as the activity is expected to be larger and more
superﬁcial.
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